Synthetic microparticles that can be propelled under light stimulus and generate collective behaviors via interaction among these particles may lead to applications in numerous fields. Here we show that aqueous graphene oxide (GO) particles can move autonomously to a light source. These self-propelled multilayer GO particles swarm but periodically "stop to take a breath" under continuous light stimulus. UV light causes a movement velocity of approximately 25 μm s −1 and oscillating frequency of approximately two times per minute for multilayer GO particles. Light with a wavelength longer than green light causes neither locomotion nor oscillation. Only multilayer GO particles exhibit the oscillating behavior. This unusual oscillating mode suggests that multilayer GO particles may undergo non-equilibrium dynamic processes in their light-actuated collective motion.
S elf-propelled colloidal particles have continuously attracted broad interests in various fields including materials sciences, surface/interface sciences, biophysics and fluid mechanics [1] [2] [3] [4] [5] , not only because that the self-propelled colloid particles have potential applications in small smart devices, self-adaptive catalyst systems, etc [6] [7] [8] [9] [10] , but also because that their collective motion can generate order far from equilibrium [11] [12] [13] . The photo actuated self-driven phototactic particles are particularly interesting due to the "clean" propulsion way avoiding additional chemicals and remote controllable behaviors, etc 14 . The collective motion of schooling active matters often generates either non-equilibrium ordered patterns or synchronized motility to generate fluid flows or to effectively function, for example, schools of fish, flocks of birds, flagella, and even some cells 13, 15, 16 . Collective dynamic motion is still a highly non-trivial topic. Some theoretical dynamic models have been established for investigating the emergence of order far from equilibrium 11, 12, 17, 18 . Nevertheless, synthetic colloidal particles that are capable of synchronized motility are still rarely observed thus far to our knowledge.
Graphene oxide (GO) and graphene are two-dimensional (2D) materials with unique electronic properties and have been investigated intensely in recent years 19, 20 . GO and graphene have also been used in preparing self-propelled microparticles, exploiting the confined space of GO to release gas for propulsion 21, 22 , or wrapping silica microparticles with graphene for preparing surface conductive Janus microparticles capable of self-electrophoresis 23 . Though GO is characterized by its impressive surface area and special surface/interface properties, however, the surface phoretic effects of GO colloidal particles (including electrophoretic, nonionic/ionic diffusiophoretic, or thermophoretic effects 4 ) are not investigated in the literature yet.
Here we show that GO colloidal particles undergo selfpropelled movement under light stimulus. We find that multilayer GO colloidal particles can autonomously swarm and periodically "stop to take a breath" synchronously under continuous light stimulus.
Results
Light-induced swarming and oscillating. In order to guarantee the objectivity and generality of results, we purchased two kinds of GO reagents including GO powder and GO flake (containing 99% single layer GO as declared in the product datasheet) (XFNano, Inc., Nanjing, China) to prepare colloidal GO particles for the research of this work. Two kinds of colloidal particles GO were obtained by dissolving these GO reagents in ultrapure water (18.3 MΩ cm) under ultrasonication for 3 h and successive natural sedimentation overnight, i.e., the dispersed GO particles, and the precipitated GO particles at bottom. Both colloidal particles GO were obtained from the GO powder reagent. When we used the GO flake reagent, only the dispersed GO particles were obtained in this way. It was hard to find differences between the dispersed and the precipitated GO particles either under a scanning electron microscope or with Raman spectroscopic analysis. However, the dispersed and the precipitated GO particles showed different mean thicknesses measured with atomic force microscopy (AFM) by averaging over images of randomly chosen~100 platelets, according to the method reported in the literature (Fig. 1) 24 . For the dispersed GO particles, the minimum sheet thickness is~1 nm and the peak of the thickness distribution appears at~3 nm with the mean of~13 nm (e in Fig. 1 ). The dispersed GO particles were loose aggregations of single-layer GO or its folding structures. In contrast, the precipitated GO particles have a mean thickness of~79 nm (d in Fig. 1) , and the peak of the thickness distribution appears at~20 nm, much thicker than dissolved GO. The precipitated GO particles could be further exfoliated when subjected to ultrasonication in additional 6 h, and the mean thickness becomes2 0 nm (c in Fig. 1 ) with nearly the same distribution as that of dispersed GO particles. We carried out the X-ray diffraction (XRD) analysis on the dry samples of the dispersed and the precipitated GO particles (Fig. 1) . In the XRD patterns, the strong and sharp (002) peak at 2θ = 8.99°and 10.37 o corresponds to an interlayer distance of 9.83 Å and 8.52 Å for the dispersed and the precipitated GO particles, respectively. No obvious graphite diffraction peaks are found in the XRD of either the dispersed or the precipitated GO particles. We also measured the longest dimension (the lateral size) of ∼ 100 objects with AFM with the data presented in Fig. 1 as a histogram. Though the AFM length is possibly overestimated owing to broadening effects from the interactions between cantilever and substrate/sample 25 , however, the data are accurate enough for comparison in this work. The precipitated GO has a bit bigger average lateral size than the dispersed GO. Its average sizes do not change greatly after thoroughly ultrasonication (Fig. 1) . Overall, AFM and XRD analysis proved that the precipitated GO particles were mainly compact stacks of GO sheets. To distinguish different GO particles, we call the precipitated GO particles as stacked GO particles below. Finally, we adjusted the weight contents of the dispersed or the stacked GO particles to particular concentrations for successive investigation.
The dispersed GO particles (0.5 mg mL −1 if not stated otherwise) swarmed toward the incident UV beam (wavelength of 330-385 nm) focused through a microscope lens emitting from the built-in illumination source of an inverted fluorescence microscope (Supplementary Movie 1). The swarming is a kind of light-induced locomotion, because of the following experimental results:
The first, the movement was directed toward the center of light beam. And if we moved the sample stage against the UV beam, the swarming center moved with the center of UV beam. The motile particles finally aggregated at the bottom of the container, and only one aggregate was observed. The reasons may be twofold. The light-induced propulsion in GO particles was generated owing to the asymmetric light absorption in a light field not due to asymmetric particle shape. The asymmetric propulsion forces generated from surface photochemical/physical reactions are sensitive to the asymmetric light absorption, and thus are always directed towards the light source. Even a perfect spherical particle in a light field can be divided by asymmetric light absorption into two parts, dark side and bright side, as was pointed in our previous work 14 .
The second, the root-mean-square (RMS) phototaxis velocity was dependent on the incident light intensity, as is depicted in Fig. 2a . When the UV intensity increases from 89 mW cm −2 to 192 mW cm −2 , the RMS velocity of GO increases from 17 μm s −1 to 25 μm s −1 . GO particles do not swarm in UV light beam with intensity of 34 mW cm −2 or weaker. The UV light with intensity of 192 mW cm −2 was adopted for usual experiments.
The third, the locomotion was also photo-switchable. Repeated UV ON-OFF experimental results are illustrated in Fig. 2b . If the UV light was shuttered, the phototaxis of GO micromotor slowed down from~25 μm s −1 to 0 μm s −1 in a couple of seconds. If the shutter of the UV light was open, the locomotion started again immediately.
The fourth, the velocity of the locomotion was related to the stimulus photo energy. By changing the filter cubes, we can change the incident photo energy. Four filter cubes we used in this work are WU (UV, 330-385 nm), WIBA (blue light, 460-495 nm), WIG (green light, 530-550 nm) and CY5 (orange red light, 590-650 nm). UV causes the fastest RMS velocity (~25 μm s −1 ), followed by WIBA (~12 μm s −1 ) and WIG (~7 μm s −1 ) (Fig. 2c) .
The orange red light cannot generate enough thrust even at a high light density in this work. This indicated that the propulsion was likely generated from surface photochemical reactions, which rely on light exceeding a certain threshold energy. Along with the increasing UV exposure time, the locomotion velocity decreases (Fig. 2d) . Overall, the locomotion of GO particles is light-induced phototaxis.
The stacked GO particle (0.1 mg mL −1 if not stated otherwise) could also swarm like the dispersed GO particles. However, we found a special kinematical characteristic of the stacked GO particles after long time observation, i.e., the locomotion of the stacked GO particles was actually a directed swarming intermingled with short pauses under continuous light stimulus, as if these mobile GO particles could autonomously "stop to take a breath and go" (Supplementary Movies 2-5). To a certain motile particle at low Reynolds number where inertial effects can be ignored, pause means vanishing of net force gradients. To confirm the nonlinear oscillating behavior, we excluded the possibility of doubt, for example, fluctuation of luminous intensity, recording software freezing, etc. We once placed fluorescent nanoparticles outside the container on the sample stage. The glow emanating from the fluorescent nanoparticles did not change during the pause of the moving GO particles under steady UV light (Supplementary Movie 2).
There was an induction period between the beginning of swarming and the onset of "breathing", normally 5-30 minutes. The swarming with periodic pauses is a kind of oscillation, which originates in nonlinear systems that are far from equilibrium. The induction time is perhaps necessary for GO particles to reach an oscillatory state far from equilibrium, same as the time delay found in the chemical oscillations of an aqueous suspension of silver orthophosphate microparticles 26 .
The oscillatory characteristic of the stacked GO particles was clearly demonstrated in the deposits of the precipitated GO particle at the bottom. As the light-driven phototaxis lasted a while, GO particles aggregated and deposited on the bottom. During the short pause period, the stacked GO particle lost the propulsion force, and the stress to press the deposits shrinking relieved, and then the deposits begun to expand slightly. The automatic and periodic contraction and expansion under continuous light stimulus looked like that the stacked GO particles were oscillating (Supplementary Movie 3). Fig. 3a depicted the periodic changes of the diameters of the deposits and the RMS velocity in a randomly selected period. As shown in Fig. 3a , during the pause (16-28 second), the GO particles look almost still with the RMS velocity of~1 μm s −1 , and the diameter of the deposits expands from 115 μm to 122 μm. So, the pause stage is actually a very slow locomotion, which is clearly shown by video playback at a high speed, for example, 8× speed. After the pause, the RMS velocity of the GO particles rapidly increases from 1 μm s −1 to 15 μm s −1 , and the diameter of the aggregates decreases from 122 μm to 112 μm. The typical change in the diameter of the deposit is illustrated in Fig. 3d . If we moved the sample stage against the UV beam, the deposits moved with the center of UV beam while oscillation was not interrupted ( The average oscillating frequency of the oscillatory process is related to the stimulus light sources (Fig. 3b) . For the same sample, UV light causes the fastest frequency (about two times per minute), followed by blue and green light. Orange red light could not cause either locomotion or oscillation. The contents of GO affect the oscillation of the GO particles as well (Fig. 3c) . Roughly, only when the contents of GO are in the range from 0.05 to~0.10 mg mL −1 , the stacked GO particles can oscillate under continuous light stimulus. The content range of GO suitable for swarming is broader. Only when the contents of GO are higher than 5.0 mg mL −1 , all the GO particles including the dispersed and the stacked GO particles cannot move at all, seemingly being damped by too many particles.
We found that the stacked multilayer structures are important for achieving the oscillation of GO particles under steady light stimulus because of the following facts. The first, the dispersed GO particles that are aggregates or loose stacks of single layer GO sheets can just swarm without pauses. The second, when the stacked GO particles were subjected to further ultrasonication in additional 6 h for thoroughly delamination, the obtained GO particles with the mean thickness close to that of the dissolved GO particles could not "breathe" any more. The diameters of GO particles after thoroughly ultrasonication did not change significantly. Thus, we think that it is the thickness difference not the diameter difference that caused the kinematical difference between the dispersed and the stacked GO particles. The third, if we used the fully soluble GO flake reagents containing 99% single layer GO, we could not observe the oscillation phenomena. However, we succeeded in preparing the stacked multilayer GO particles from GO flakes either by chemical cross-linking of the GO flakes with ethylene diamine or by physical cross-linking of the GO flakes through partially reduction with dilute hydrazine. We supposed that ethylene diamine could fix the stacked multilayer structures of GO by linking the carboxylic or epoxide groups between layers. Dilute hydrazine solution can partially reduce GO to form hydrophobic reduced GO zones in a GO sheet by which the compact multilayer structures of GO can also be fixed. The multilayer structures of these fixed GO particles retained after rigorous ultrasonication, supported by the AFM analysis (Fig. 4) . The mean thickness of the ethylene diamine fixed GO particles and the hydrazine fixed GO particles is 47 nm and 38 nm, respectively, whereas the mean thickness of the pristine dispersed GO particles is 18 nm (Fig. 4 d, e, and f). The two chemically fixed GO particles and the pristine GO flakes have almost the same distribution of lateral sizes with the mean of~4 μm (Fig. 4 g, h , and i). The morphologies of the two fixed GO particles look the same as the dispersed GO particles under AFM (Fig. 4 a and b) . XRD analysis on these GO particles shows the strong (002) peak at 2θ = 10.38°in the ethylene diamine fixed GO particles and 12.38 o in the hydrazine fixed GO particles correspondent to an interlayer distance of 8.52 Å and 7.14 Å, respectively ( Fig. 4o and n). Both fixed multilayer GO particles could oscillate during their motion processes (Supplementary Movie 6 of the hydrazine fixed GO particles and Supplementary Movie 7 of the ethylene diamine fixed GO particles). It was noticed that reduction degree of GO by hydrazine should be limited. Otherwise, the aqueous stability of the obtained colloidal particles was bad, and the surface phoretic effects for propulsion might be also affected.
We also used hexamethylene diamine instead of ethylene diamine to fix the multilayer structures of GO. However, we did not observe the oscillation phenomenon in the hexamethylene diamine fixed GO particles. We checked the morphology of hexamethylene diamine fixed GO particles with AFM, and found that the GO sheets were highly wrinkled (Fig. 4c) . Because of the hydrophobicity, hexamethylene diamine adsorbed on GO caused the wrinkling of each single layer of GO and hindered the stacking of GO layers. The XRD analysis on the hexamethylene diamine fixed GO particles showed that the strong d002 peak at 2θ = 9.71 o correspondent to an interlayer distance of 9.10 Å (Fig. 4m) , which is a bit bigger than that in the dissolved GO particles (8.39 Å) or the ethylene diamine fixed GO particles (8.52 Å). Folding instead of stacking of GO sheets may prevail in the hexamethylene diamine fixed GO particles. Overall, the stacked multilayer structure is important for the swarm-andbreathe behavior of GO particles.
Self-propulsion mechanism. Because of the carbonaceous nature of GO, we investigated the possible contribution to the lightinduced propulsion of GO particles from light generated thermal gradients, with graphite powder as control. Graphite is regarded to be able to transfer the absorbed light energy into heat and be inert to UV irradiation especially to the weak UV source equipped in an optical microscope in this work. The tiny graphite particles underwent random thermal motion under UV induction, but bigger graphite particles seemed still (Supplementary  Movie 8) . However, it is found on a longer time scale that all the We further investigated the mechanism of the self-propulsion of GO particles and found that the phototaxis of GO particles is self-electrophoresis according to the following experimental facts. The principle of self-electrophoresis has been described in the literature 2, 27, 28 . A self-electrophoretic colloidal particle is propelled by its self-generated electric field where the ions in the double layer migrate against the particle surface, and the particle moves against the fluid.
First, we carried out a simple experiment to verify the photogenerated electric field in the GO dispersions. The colloidal GO dispersion was placed in a silica tube (inner diameter 4 mm) with two platinum electrodes at both ends (1 cm apart). One half of the tube was shielded with black tape, and another half was exposed to UV light (Fig. 5a, b) . We measure the voltage between the dark side and the bright side. A positive voltage is immediately generated from the bright side to the dark side when UV is turned on, and the voltage increases with exposure time at first and then reaches a stable value in~2 minutes (Fig. 5c) . The positive voltage reveals that the electric field radiates from the center of the light beam to outside. Second, the zeta potentials of GO particles are~− 30 mV, and increase with longer UV irradiation time, indicating that more cations are produced and adsorbed on the surface of GO particles (Fig. 5(d) ). The change of zeta potentials vs. time can account for the results depicted in Fig. 2d . Thus, the motion direction of negative GO particle is toward the center of light beam.
Third an electrical connection in GO particles is necessary to drive the motion of GO particles through an electrokinetic mechanism. The UV-induced current of GO under the conditions of this work was measured according to the literature method 29 , as illustrated in Fig. 5e . The current generated from GO under UV is photo-switchable and becomes stronger as the relative intensity of UV light increases.
Fourth, UV exposure also causes the change in both the pH value and ionic conductivity of the GO particle dispersions, as demonstrated in Fig. 5f . According to Fig. 5f , when UV light is turned on, the pH decreases, while the ionic conductivity increases. The aqueous GO particles will produce H + under UV irradiation, causing the changes in pH and the ionic conductivity. The migration of GO particles starts in line with the onset of increase in conductivity of GO dispersions. The changes are somewhat reversible. If UV light is turned off, both the pH and the ionic conductivity recover, and locomotion of GO particles stops. It appears that the propulsion of the motile GO particles is generated in the photoreactions of GO in water. The photoreactions of aqueous GO are very complicated, and many mechanisms have been suggested, including reduction by solvated electrons produced in UV photoionization of water, or photocatalyst reactions through the sp2-semiconducting domains of GO [30] [31] [32] . It is noticed that there is a photoionization threshold (6.5 eV) for the generation of solvated electrons in water 30 . The structure of GO can be regarded as semiconducting sp2 domains with domain size dependent band gap surrounded by insulating sp3 defects. Irradiation with light of energy exceeding their band gap causes electron jump to form excited electrons and holes responsible for the photoreactions of GO and water. The minimum energy for the electronic transition in GO is~1.90 eV 32 . Considering the fact that there is a light energy threshold for the self-propulsion or breathing of GO, it is reasonable to state that the photoreactions for generating the thrust start with the electron transition It is evidenced by a darker color of the GO dispersion and UV−visible absorption spectra with an increase of absorption in the 280-800 nm range after long time UV exposure (Fig. 6b) . The corresponding Fourier-transform infrared spectroscopy (FTIR) analysis reveals more details (Fig. 6a) . Both the band at 1730 cm -1 owing to the vibration of the C = O bond in carboxylic acids and the band at 1400 cm −1 owing to the symmetric vibrations of the C-O bond in the carboxylate anion are almost not changed, whereas the band at 1620 cm -1 arising from the C = C bonds in the sp2 domains becomes wider and shifts to 1590 cm -1 indicative of the expansion of the aromatic sp2 domains. In the range from 1000 and 1320 cm -1 corresponding to different stretching vibration modes of C-O in the alcohol and epoxide groups, relative intensities have been changed, indicating that transformation from epoxide to alcohol groups or elimination of some alcohol groups may happen. Some C-O bonds in the epoxide (2.1 eV) and in the tertiary alcohol group bound to GO (0.7 eV) can be cleaved in the photoreactions 32 . If comparing the UV-visible absorption spectrum of the sample exposed to UV for 5 min with the FTIR of the sample of UV for 10 min, it is noticed that the UV-visible absorption spectrum is obviously more sensitive than FTIR in reflecting UV caused early changes, because UV−visible absorption spectrum can monitor the electron excitation in semiconducting domains. The apparent reversible photochemical/physical processes are evidenced by the light switchable and reversible change in the pH value and ionic conductivity (Fig. 5f ). Considering the reversible change in pH and the above infrared spectroscopy analysis results, we figure that our results are consistent with the interpretation based on the electron and hole model 31 . According to the electron (e − ) and hole (h + ) model, the following reactions may happen under light above the band gap,
where GO* is the reacted or reduced GO. The reaction (2) and (3) are carried out in the epoxy or hydroxyl groups of GO nanosheets 31 . Though these reactions can interpret the lightinduced reversible change in pH, however, we did not observe any bubbles during the illumination processes, possibly because the reaction degree was very low actually, as also revealed from UV−vis. and FTIR spectroscopic analysis. Recently, we found that acetone can stabilize GO from being reduced by UV irradiation 33 . When we added acetone in the aqueous suspension of GO particles, the light-actuated swarming of GO particles was significantly inhibited (Fig. 7a) , which could further support that the photoreactions of GO in water generated the propulsion force. So far we have provided evidence that the GO particle with negative surface charges can generate an unbalanced ionic distribution surrounding it in a light field. The unbalanced ionic distribution surrounding the GO particles can cause a propulsion to the GO particles via two possible mechanisms, i.e., ionic diffusiophoresis or electrophoresis 34 . Diffusiophoresis of charged particles is driven by the macroscopic concentration gradient of an electrolyte. Self-electrophoresis is driven by the local electric field generated from the unbalanced ionic distribution. The two mechanisms are very confusing in many cases, because that the concentration gradient of an electrolyte in the ionic diffusiophoresis can also generate an electric field. However, the propulsion velocity in ionic diffusiophoresis is inversely proportional to the ionic concentration, thus is a hampered locomotion in salt-rich media 35 , which is a reliable method to distinguish ionic diffusiophoresis from electrophoresis. We investigated the effects of the addition of NaCl in a wide concentration range on the light-induced locomotion of GO particles. The results are plotted in Fig. 7b as the RMS velocity vs. the reciprocal of the molar concentration of NaCl added. In a broad range of NaCl concentration from 0.01 to 10 mmol L −1 , the RMS velocity of GO particles increases a little with the addition of NaCl. When the concentration of NaCl reached 1 mol L −1 , the GO particles were almost totally precipitated and not suitable for the investigation of self-propulsion. Electrophoresis has much higher tolerance to salts than ionic diffusiophoresis. The addition of NaCl at low concentrations could increase the amounts of ions attached on the surface of colloidal GO particles and the electrical conductivity, hence the electrophoresis velocity increased. Thus, the ionic diffusiophoresis mechanism can be ruled out. Overall, the self-propelled locomotion of the GO colloidal particles fits the profile of self-electrophoresis.
Based on the reactions (1-3), we figure out the selfelectrophoresis mechanism of GO, as is depicted in Fig. 8 . When 2000 1800 1600 1400 1200 1000 800 b a Fig. 6 Spectroscopic analysis of GO particles during UV illumination. a FTIR of GO samples exposed to UV at different time: (i) pristine GO; (ii) 10 min; (iii) 60 min; (iv) 120 min. b UV-vis. absorption of GO samples exposed to UV at different time: 0, 5, 15, 30, 45, 60 min along the arrow a GO particle is placed in a light field, the GO particle turns into an apparent Janus particle with both a dark side and a bright side, and the photoreactions start in the bright side where hydrogen ions are generated in the double electric layers of the GO particle and a flux of electrons inside GO. Thus, the GO particle generates its own hydrogen ion gradient around it, which presses hydrogen ion flow and electroosmotic fluid flow from the bright side to the dark side along the particle surface. The GO particle with a negative zeta potential moves towards the light source in the opposite direction to that of hydrogen ions and fluid flow, as actually observed.
Graphene is a zero band gap material. Our preliminary study found that graphene particles could also swarm to the center of light beam in pure water. But the swarming velocity of graphene particles was dependent on the surface stabilizer such as polyvinylpyrrolidone (PVP). If without surface stabilizer, graphene particles swarmed slowly with a RMS velocity of~1 μm s −1 in a wide range of graphene contents from 0.1 to 0.5 mg mL −1 . If stabilized with PVP, the graphene particles swarmed as fast as 20 μm s −1 in 0.25 mg mL −1 of graphene, indicating the lightinduced locomotion of graphene particles may depend on the interfacial properties of graphene in water. Because of polar groups, GO particles do not need stabilizers for dispersing in water. Graphene defect structure for example around the holey structure is possibly semiconducting. In addition, the absorbed light can excite graphene electrons extremely fast with a very high efficiency 36 , which may facilitate splitting water to generate ionic gradients. However, the self-driven motion of graphene needs further investigation in the future.
Discussion
The unusual oscillatory behavior makes these GO particles more like active matter, as active matter is commonly defined as a collection of active particles, which are self-driven and exhibit a variety of non-equilibrium activities usually connected to motility 37 . Though we have provided evidence for the selfelectrophoresis of these GO particles, however, it is puzzling why these GO particles undergo oscillatory motion. We want to discuss the possible oscillating mechanism in the following.
At first, we want to rule out some factors including turbulence in the solution from heating of GO aggregates or from fluid buoyancy due to possible CO 2 generated in the possible photochemical reactions of GO (e.g., equation 2), which if any could affect the dispersed GO particles more significantly than the fixed multilayer GO particles. However, the dispersed GO particles did not oscillate. Heat could enhance random thermal motion and disturb the transition from disorder to order phase in Vicsek model describing the collective behaviors of motile particles, but is unlikely to affect the propulsion in this work 38 .
Generally, two kinds of mechanisms could account for the oscillating behaviors of stacked GO particles, i.e., chemical oscillators or density fluctuation in collective motion.
It is well known that chemical oscillators exhibit nonlinear chemical dynamics 26, 39 . Though we have related the breathing behavior to the stacked multilayer structures, however, we could not find substantial differences in any light-induced effects in above mentioned experiments between the dispersed GO and the stacked GO particles. Perhaps the change within the multilayer structures might account for the breathing phenomenon, for example, transition of electrons between stacked layers. The stacked multilayer structures of GO particles may be regarded as capacitors capable of periodic charging and discharging. The discharging process may change the surface charge density and hence the electric double layers over GO particles 40, 41 , which is important for generating the interfacial force for driving colloidal particle 4 . But according to Fig. 5d , the zeta potential of the group of GO particles did not oscillate. Unfortunately, we cannot measure the zeta potential of an individual GO particle. The oscillating frequency is very low, indicating that the collective motion is probably due to hydrodynamic interactions within these colloidal particles 42, 43 .
The unusual oscillatory behavior is a possible consequence of collective behaviors. The collective behaviors of self-propelled particles are very complicated, which may cause motility-induced phase separation at very large particle density 11, 38 , or flocking at finite contents 44 . If the randomly propelled particles autonomously follow the average velocity, 2D vortex with a void core can also be formed according to Herbert Levine et al.'s 44 work. Our observation in this work showed that light-actuated mobile GO particles flocked which was in accordance with Herbert Levine et al.'s 44 work obviously. However, we did not observe the 2D circular vortex on the horizontal plane possibly because that the direction of motile GO particles was not random actually. The flock in the core kept increasing when the light beam stimulus was switched on, and was finally visible to the naked eyes. There was no evidence that the flock in the core was eroded by vortex during swarming. But temporary localized vortex along GO moving direction was still possible, because we often observed the self-acceleration phenomena in this work or in our previous work 14 .
So far, no hydrodynamic model described the collective oscillating behavior of swarming colloidal particles. More attention is concentrated on the phase transition from disorder to order or the formation of pattern. However, it is commonly regarded that the movement speed of active particles decreases for density 42 . Thus, the density fluctuation is usually corresponding to velocity fluctuation. The oscillatory behavior of GO particles might be also a consequence of collective behaviors, though the oscillatory behavior is seldom observed.
Overall, we consider that the collective behavior could possibly account for the oscillation of stacked GO particles, In other words, the collective motion can perhaps cause cooperative motion apart from the emergence of orientational order. For example, flagella or cilia of bacteria function as a group to produce locomotion via harmonious motion 45 .
Methods
Synthesis of stacked multilayer GO particles fixed with hydrazine. GO flake sample in pure water (18.3 MΩ cm) of 4 mL (2 mg mL −1 ) was ultrasonicated for 3 h, then centrifuged (1000 r min -1 ) for 2 minutes. The stable aqueous GO dispersion was collected and was vacuum-dried on a PTFE (Teflon) plate at 30°C overnight to form a GO film with a diameter of 1.5 cm. The GO film was mixed with hydrazine (85% wt.) aqueous solution (0.5% v/v) of 1 mL for 30 min at room temperature. The N 2 H 4 fixed GO was filtered and repeatedly washed with pure water and ethanol, and then vacuum-dried at 30°C for 3 h. The dry sample of N 2 H 4 fixed GO was dispersed in ultrapure water under ultrasonication for 3 h, and let it stand for 30 minutes to remove precipitated particles.
Synthesis of stacked multilayer GO particles fixed with diamine. GO in water (4 mg mL −1 ) was ultrasonicated for 3 h, then centrifuged (1000 r min −1 ) for 2 minutes. The stable aqueous GO dispersion was collected and was mixed with ethylene diamine or hexamethylene diamine aqueous solution (0.5% wt.) of 1 mL for 5 h. Then the chemically fixed GO particles were obtained by centrifugation at 8000 r min −1 for 10 min, repeatedly washed with deionized water and ethanol, vacuum-dried at 30°C for 3 h. Then the GO particles were dispersed in ultrapure water under ultrasonication for 3 h, and let them stand for 30 minutes to remove precipitated particles.
Observation of the phototaxis of GO particles. In total, 1 mL of GO aqueous suspension was placed in a 35 mm × 10 mm polystyrene petri dish for observing the light-induced kinematic behaviors of GO colloidal particles under an Olympus IX-81 inverted fluorescence microscope with its built-in illumination source (a 100 W mercury arc lamp) used as the light stimulus, as described in our previous work 14 . The light spot on the focal plane has a diameter of~2 mm. A × 20 objective was used for observing the particle motion and for focusing the light. The UV intensity of Olympus IX-81 can be attenuated from the strongest level 5 (UV energy densities 192 mW cm −2 ) to level 4 (89 mW cm −2 ), level 3 (34 mW cm −2 ) or weaker. The actual UV energy densities behind the polystyrene petri dish for level 5, level 4, and level 3 are measured to be 37 mW cm −2 , 21 mW cm −2 , and 11 mW cm −2 , respectively, by using a standard UV energy meter. Real-time videos were taken by a CCD camera and recorded on a computer. By analyzing each separate frame of the video images, the displacement (ΔL) of a distinguishable GO particle at a certain time interval (Δt) was measured. The mean square displacements < ΔL 2 > in two dimensions were obtained by averaging~30 GO particles. RMS velocity is calculated by < ΔL 2 > 1/2 Δt −1 . The error bar is calculated as half of the standard deviation of < ΔL 2 > .
Instruments. FTIR analysis was carried out with Fourier Transform Infrared Spectrometer Nicolet 6700 (USA). XRD was performed with Multi-function target X-ray diffractometer (smartlab, Japan). Zeta potential was measured in NanoBrook 90Plus PALS (Brookhaven, USA).
AFM was performed on a DI Innova Scanning Probe Microscope (Veeco, USA) for imaging GO particles with special emphasis on sheet thickness and lateral dimensions. A few drops of the aqueous dispersion of GO (0.05 mg mL −1 ) were deposited on mica slice, and then vacuum-dried at 40°C for 12 h. We measured the thickness and the longest dimension (Lateral size) of ∼ 100 objects observed in AFM as histograms.
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